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Motivated by a recent experiment [J. Eschner et ai, Nature 413, 495 (2001)], we now present a 
theoretical study on the fluorescence of an atom in front of a mirror. On the assumption that the 
presence of the distant mirror and a lens imposes boundary conditions on the electric field in a 
plane close to the atom, we derive the intensities of the emitted light as a function of an effective 
atom-mirror distance. The results obtained are in good agreement with the experimental findings. 
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I. INTRODUCTION 

One of the fundamental subjects in quantum optics is 
describing the fluorescence from single atom sources. Dif- 
ferent scenarios have been considered, the simplest one 
referring to an atom in free space [1]. The fluorescence 
of an atom can be altered for example by the presence 
of other atoms inducing dipole-dipole interactions [2] , by 
the presence of a mirror [3-6] or by the single mode of the 
electromagnetic field inside a cavity [7,8]. To investigate 
experimentally these phenomena ion trapping technology 
has been employed and good agreement with theoretical 
predictions has been found. 

Theoretical models have been developed starting from 
the Hamiltonian that describes the atom, the free ra- 
diation field and their interaction. To predict the time 
evolution of an ensemble of atoms, master equations can 
be derived by tracing over all possible photon states. 
Alternatively, it can be assumed that the environment 
performs continuous measurements on the free radiation 
field. This leads to a quantum trajectory description [9] 
which is especially appropriate for analysing experiments 
with single atoms. Examples are experiments measur- 
ing the statistics of macroscopic light and dark periods 
[10,11] and the spectrum of the light from a three-level 
atom with a metastable state [12,13]. A quantum jump 
approach was also applied to calculate the spatial inter- 
ference pattern of the photons spontaneously emitted by 
two atoms [14] which was observed experimentally by 
Eichmann et al. [15]. 

Recently, an experiment was conducted by Eschner et 
al. [16,17] to measure the fluorescence of a single three- 
level barium ion kept at a fixed distance from a mirror. 
Qualitative explanations were given for most of the ef- 
fects observed. A recent theoretical study by Dorner and 
Zoller [18] provides a detailed description of the exper- 



imental setup considering a two-level atom and a one- 
dimensional model of the free radiation field. Special at- 
tention is paid to a regime of large atom-mirror distances 
where intrinsic memory effects cannot be neglected any- 
more. In contrast to this we present here an alternative 
study with a full three-dimensional treatment of the free 
radiation field where delay time effects are considered 
negligible. Nevertheless, same qualitative effects result- 
ing from the presence of the mirror as in [18] are pre- 
dicted and good quantitative agreement with the experi- 
mental findings [16,17] is achieved. An earlier experiment 
by Drexhage [19] in 1974 observed the fluorescence from 
molecules deposited on mirrors. 
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FIG. 1. Atomic level scheme. Two lasers with Rabi fre- 
quency fli and £72 and detunings Ai and A2 drive the two 
transitions in the A system. The free-space spontaneous de- 
cay rates of the upper level are Fi and T2. 

In experiment [16], the atom is driven by two detuned 
laser fields and emits photons along two transitions that 
comprise a A system (see Figure 1). In the following, the 
Rabi frequency and the detuning of the laser field driving 
the 3-j transition (j = 1,2) are denoted by ftj and Aj, 
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respectively, while Ti and T2 are the free-space sponta- 
neous decay rates of the upper level. Detectors measure 
the intensities of the spontaneously emitted photons from 
the two transitions (see Figure 2). One detector is only 
sensitive to photons with frequency W31 and the mea- 
sured intensity shows a strong sinusoidal dependence on 
the atom-mirror distance r with maximum visibility of 
72%. The other detector, measuring the photons with 
frequency which are not affected by the mirror, sees 
an intensity that depends only weakly on r and has a 
visibility of about 1 %. The maxima of the two light in- 
tensities are shifted with respect to each other. 
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FIG. 2. Experimental setup of an atom placed at a fixed 
distance r from a mirror and emitting photons with frequen- 
cies W31 and U32 • The mirror is only sensitive to photons with 
frequency and two detectors measure light intensities. 

Here it is assumed that the lens placed between the 
atom and the mirror in experiment [16] projects the 
boundary conditions imposed by the mirror on the free 
radiation field onto a plane close to the atom. As the 
atom was located near the focus point of the lens, the 
experiment can be described by the setup in Figure 2 
with an effective atom-mirror distance of the order of the 
wavelength A31. The aim of this paper is to explain the 
experiment with a quantum mechanical approach. Qual- 
itative and quantitative agreement with the experimental 
results is obtained. 

The paper is organised as follows. Section II presents 
a quantum jump description of an atom in front of a mir- 
ror. The spatial-dependent decay rates and level shifts of 
the atom are calculated and master equations are derived 
to find the steady state of the laser-driven atom. These 
are the ingredients necessary to calculate the intensities 
of the emitted photons. In Section III we apply our re- 
sults to the experiment by Eschner et al., while Section 
IV shows that many aspects of the experiment can also 
be predicted by means of a mirror-atom model resulting 
from a comparison of the setup with a classical analog. 
For example, the effect of the mirror, modifying the over- 
all decay rate of the upper atomic level and introducing 
an r-dependent level shift, can be understood as subra- 
diance between the atom and its mirror image. Finally, 
an overview of the paper is presented in the conclusions. 



II. QUANTUM MECHANICAL DESCRIPTION 

In this section the atom in front of the mirror is de- 
scribed by the quantum jump approach [9]. The latter 
consists of two main parts; on the one hand, it gives the 
time evolution of the atom when no photons are emit- 
ted, and on the other, it gives the spatial distribution of 
the emitted photons depending on the particular state 
of the atom at the time of the emission. Let us see how 
this can be obtained from the Schrodinger equation. The 
corresponding Hamiltonian is of the form 



H = H* 



field 



laser 



(1) 



The first three terms are the interaction-free Hamiltonian 
of the atom, the free radiation field and the classical laser 
field, while the last term 



flint = eD-E(r) 



(2) 



describes the interaction of the atom with the quantised 
electric field in the dipole approximation. Here D is the 
atom dipole operator D = D 3 i|3)(l| + D32 13) (2| + h.c. 
and E(r) is the observable of the free radiation field at 
the position r of the atom modified by the presence of 
the mirror. Choosing the coordinate system such that 
the mirror surface corresponds to the x = plane, leads 
to the classical constraint that, at x — 0, the component 
of the electric field parallel to the mirror surface has to 
vanish, i.e. 



Ei|(x :x = 0) =0 



(3) 



for all frequencies that see the mirror. This classical con- 
straint gives at the quantum level a modification on the 
electric field observable restricting the expectation value 
of its parallel component to zero on the surface of the 
mirror [20]. Consider the case where due to the mir- 
ror the radiation from the 3-1 transition gets reflected 
and hence satisfies the constraint (3), while the mirror is 
transparent for photons from the 3-2 transition. To take 
this into account a cut-off frequency ui m is introduced 
that lies between the typical frequencies W31 and LO32 of 
the A system. The mirror is assumed to be transparent 
for all frequencies below uj m , and perfectly reflective for 
frequencies above it. As it is seen later the results de- 
rived in this section are independent of the exact value 
of the chosen cut-off frequency. At an arbitrary position 
x = (x, y, z) in the right half space of the mirror (see 
Figure 2) and with k = ku kn + k x x the electric field 
observable can then be written as [4] 

kA: <u m 



1 



E 



1/2 



i (x x kii ) sin k x x aki 



2 



+ — (k\\icosk x x — i fc^kn sin k x x) a k 2 
+h.c. 



(4) 



where a k i and a k2 are the annihilation operators for 
photons with polarisation eki = x x k|| and e k 2 = 
(fc||X — k x k^)/k, respectively, and wave vector k. 

From (2) and (4) the effect of the mirror on the atomic 
fluorescence can be calculated. Assume that the initial 
state of the atom is known and equals \ip) while the 
free radiation field is in the vacuum state |0 p h)- This 
is an allowed physical state that develops according to 
the Hamiltonian (1) for a certain time At. If level 3 is 
populated, this time evolution leads to population of all 
possible one-photon states [9]. Consider now a detector 
placed in a certain direction k away from the atom that 
measures single photons resulting from the 3-j transition 
[14]. To determine the state of the system in case of a 
click at this detector one has to apply either the projector 



P. 



(i) 



= E 

kX: LJk >^T7 



lifckA^-'-fckAl 



if J 



1, or the projector 

= E ^kk\)(^kk\ 



J>< 2 > - 
k 



(5) 



(6) 



k\: ojfc <oj„ 



if j = 2. When a click is registered at a detector, the 
photon is absorbed and the free radiation field changes 
to its ground state |0 p h). 

The probability density for a click can be obtained from 
the norm of the unnormalised state of the system after 
an emission and equals 



lim — — 

At^O At 



JP«C/(At,0)|O ph }|^)|| 2 . (7) 



If the coupling constants of the atom to the free radiation 
field are introduced as 



g$ = -e {oju/eohV) 1 ' 2 D 3 i • e kA 
^ 2 A ) =ie(o; fe /2 £ o^) 1/2 D32-e kA 



(8) 



and the dipolc moment D31 is taken for convenience 
[21] to be parallel to the mirror surface, the interac- 
tion Hamiltonian can, with respect to the interaction- 
free Hamiltonian and within the rotating wave approxi- 
mation, be written as 



(i) 



h E 9kA«kAe ikr e i ^ |3><2| 



kA: uJk <uj m 

+ h E ff k 1 A ) ak A e ik !i- r e i ( W31 -^) t |3)(l| sinfc.r 

kA: ixJk>uJm 

+h.c. (9) 

Using first-order perturbation theory and the approxima- 
tions usually applied in quantum optics, (7) leads to 
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|D 3 i • k| 2 ) P3WO sin 2 k 31x r 



(10) 



for the photons that are affected by the mirror and 

/ k 2) W = ^(i-|D 3 2-k| 2 )p 3 (V) (11) 

otherwise. Here Tj is the spontaneous emission rate of 
the atom in free space through the 3-j channel, while 
•P3C0) = K^l^)! 2 denotes the initial population in the ex- 
cited state. This shows that the emission intensity of the 
3-1 transition strongly depends on the atom-mirror dis- 
tance through its proportionality to the factor sin 2 k 3 i x r, 
(2) 

while (tjj) is not a function of r. 

It has hitherto been assumed that the atomic state \ip) 
is always the same by the time of an emission. This is 
not the case for the experimental setup in Figure 2, in 
which the atom is continuously driven by a laser field. 
To apply our results to this situation, the atom has to be 
described by the steady-state matrix p ss and P 3 {i^) has 
to be replaced by P 3 {p ss ) = (3|p ss |3). To calculate the 
stationary state master equations are employed. They 
are in general of the form 



[ -ffcond P - 



cond 



(12) 



Here -ff C ond is the non-Hcrmitian Hamiltonian that de- 
scribes the time evolution of the atom under the condi- 
tion of no photon emission, while IZ(p) gives its unnor- 
malised state after an emission. For the atom in front of 
a mirror, IZ(p) is given by 



np)= E ^\mp\m 



(13) 



j=l,2 



where Ti and T2 are the modified overall decay rates. 
They are obtained by integrating 1^ (ip) over all direc- 
tions, which gives by definition f j Pz{ip). This leads for 
the dipole moment D31 oriented parallel to the mirror, 
as in [4], to 



ri = ri 



1 - 



3 / sin2fc 3 ir cos2fc 3 ir sin2fc 3 ir 



2 V 2fc 3 ir (2k 31 r) 2 (2fc 3 ir) 3 



(14) 



and T2 = IY As expected, the decay rate f 1 is altered 
by the mirror and (14) is in perfect agreement with the 
general case presented in [6] . 

To derive the conditional Hamiltonian i/cond we pro- 
ceed as above and assume that the effect of the environ- 
ment and the detectors is the same as the effect of contin- 
uous measurements on the free radiation field [9,14]. In 
case no photon is found after the time At, the projector 



3 



onto the field vacuum |0 p h)(0 p h| has to be applied to the 
state of the system. Thus we obtain 

|0p h >(0ph|tr(At,0)|0ph)|V) = \0 P h)U cand (At,0)\ip) . 

(15) 

Using second-order perturbation theory and the same ap- 
proximations as above, the no-photon time evolution is 
summarised within the Hamiltonian H con( i, which is, in 
the Schrodinger picture, given by 

H cond (t)= J2 h™ j e i ^-»i- A M h \j}(3\+h.c. 

j = l,2 



where 



A = 



+^A|3)(3|-U(fi+f 2 )|3)(3| 



3ri f cos2k 3 ir sin2fc3ir cos2fc3ir 
2k 31 r ~ (2k 31 r)2 ~ (2fc 3 ir) 3 



(16) 



(17) 



is, in agreement with [6], the level shift of the excited 
atomic state |3) resulting from the modification of the 
free radiation field due to the presence of the mirror. 

From (12), (13) and (16) and the condition p ss = the 
expression for the steady-state population of the excited 
state, P 3 (p ss ), is obtained: 



p 3 ( P ss ) = 4(Ax - A 2 ) 2 (f ! + T 2 )njn 2 2 

x { + n 2 2 ) 2 + 8(Ai - A 2 ) 2 f if 2 ] (Tifi| + f 2 0?) + 4(Ai - A 2 ) 2 f if 2 (f iQ 2 + f 2 fi|) 



+4(Ai - A 2 y [rin 2 2 + 2{r 1 + T 2 )n(n 2 2 + r%n(\ ~ s(A 1 - A^Air^ - A 2 r 2 of) 



+16(A 1 -A 2 ) 2 (A 2 r 1 Q 2 + A 2 f 2 n 2 )} 



(18) 



where the notation Aj = Aj — A has been introduced. 
This result shows that the stationary state of the atom 
is indeed affected by the presence of the mirror because 
of its dependence on the decay rate f i and the level shift 
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show 



A. Hence, both intensities I^\p ss ) and 
spatial modulations originating from the boundary con- 
dition applied on the electric field observable E. 



III. COMPARISON WITH EXPERIMENTAL 
RESULTS 



In the experiment by Eschner et al. [16], a lens was em- 
ployed to enhance the effect of the mirror in the neigh- 
borhood of the atom which was placed near the focus 
point F. The lens creates an image of the mirror near 
the atom, effectively changing the atom-mirror distance. 
With the same notation as in Figure 3 and classical op- 
tics considerations, it is seen that the distance between 
the mirror image and F is x — f 2 / R. Considering the 
distances used in the experiment, where / = 12.5 mm 
and R — 25 cm, we obtain x — 625 /im. Since the atom is 
located close to F it is also located very near the mirror 
image. Alternatively, one might consider the geometri- 
cally equivalent model where the atom is projected by 
the lens into the neighborhood of the mirror with an ef- 
fective distance r from it which can be made to be of the 
order of the wavelength A31 = 493 nm [22]. 
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FIG. 3. The mirror and its image due to the presence of 
the lens. Here R is the distance of the mirror from the lens, 
/ the distance from the lens to the focus point F, while x is 
the distance of F from the mirror image. 

Boundary condition (3) also applies to the mirror im- 
age. In particular, the configuration of the electromag- 
netic field in the neighborhood close to the mirror sur- 
face is mapped on the neighborhood around the atom. 
For suitable positions of the atom near the mirror im- 
age and on the mirror-lens axis, the electromagnetic field 
observable in its surrounding is faithfully given by (4). 
Note that this consideration is also effective even when 
the solid angle with which the atom sees the lens is only 
4% as in experimental setup [16]. Hence, the theoretical 
model considered in Section II should give the measured 
intensities assuming that the dipole moment of the atom 
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was oriented parallel to the mirror surface. 



Figure 4 shows the intensities 1^ (p 



and /^(p 88 ) as 



a function of r where the relevant parameters have been 
taken from [16]. As expected, the photons which see the 
mirror show a very strong sinusoidal r-dependence. If 
the effective atom-mirror distance r is of the order of 
the wavelength A31, then the intensity measured by a 
detector behind the mirror also shows an r-dependence. 
Nevertheless, this dependence is much weaker and van- 
ishes for large r. The relative order of magnitude of the 
intensities presented in Figure 4, assuming r <~ 5A 3 i, is 
in agreement with the experimental findings (see Figure 
3 in [16]). 
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FIG. 4. 

as a function of the 
Ai = 2 MHz, A 2 = 0, fii = 10 MHz, Q 2 = 5 MHz, 
Ti = 15.1 MHz and 1*2 = 5.4 MHz. The vertical axis is given 
in units of 10 -2 MHz for both plots. 

In addition, Figure 4 shows that the two intensities 
can be anticorrelated, having a phase difference close to 
7r. This effect is due to their difference in nature and can 
vary for different values of the Oj and A* parameters. 
The origin of the pattern in Figure 4(a) is the sin 2 k x r 
factor in (p ss ), while the r-dependence of the popula- 
tion P 3 (p ss ) is in this case insignificant. In contrast, the 
pattern shown in Figure 4(b) is only due to the P 3 (p ss )- 
dependence of I?\p ss ). Its spatial configuration is dic- 
tated by i\, which includes the dominant term sin2/c 3 ir, 
and by A, which includes the dominant term cos2/c 3:L r. 



Hence, the first plot is a consequence of the modification 
of the electromagnetic field observable in the neighbor- 
hood of the atom, while the second plot is a consequence 
of the modification of the spontaneous emission rate r\ 
and the level shift A of the excited atomic level. From 
this we can deduce that the anticorrelation of the in- 
tensities takes place only for certain values of the Rabi 
frequencies and detunings. 
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FIG. 5. Steady state population of the excited state, 
P3(p ss ), as a function of the Rabi frequency fii (in MHz) 
and the atom-mirror distance r for Ai = 0, A2 = 0.1 MHz 
and = 10 MHz. For Qi = the spatial modulations 
disappear (see dotted line). The ir phase change is apparent 
above and below this value. 



It is instructive to have a closer look at the modula- 
tion of P 3 (p ss ) as a function of the Rabi frequencies and 
laser detunings. For example, for detunings Ai and A2 
much smaller than the Rabi frequencies of the driving 
laser fields relation (18) simplifies to 



for W s ) « 4(Ai 



A 2 ) 2 



ri + r 2 



r 2 n 2 



(19) 



The second factor gives the main modulation of the in- 
tensity with respect to the Rabi frequencies, while the 
third factor gives the distance-dependent oscillations ob- 
served in Figure 4(b). The latter modulation may change 
phase by ir if the ratio f2i/fi 2 changes from smaller than 
one to larger than one, as can be predicted by (19) and 
Figure 5. In particular, if £li = £1 2 then the modula- 
tions with r vanish. On the other hand, the maximum 

amplitude of the fringes appears for laser intensities for 

(2) 

which also (p ss ) becomes maximal. For Ai = A 2 , the 
population P 3 (p ss ) vanishes as a dark state is generated 
between the levels 1 and 2. Trapping of the population 
to a single ground state also occurs when one of the Rabi 
frequencies becomes much larger than the other. 
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Taking into account that experimentally a maximum 
visibility of 72% has been found for I^\p ss ), one can 
predict the reduction of the visibility V for increasing 
Rabi frequencies from Figure 5. In Eschncr et al. it 
was argued that the reduction of the maximum visibil- 
ity from unity is mainly due to thermal motion of the 
ion, non-optimal cooling conditions, fluctuations of the 
atom-mirror distance and imperfect mapping of the mir- 
ror neighborhood to the neighborhood of the atom by 
the lens. In addition, it was observed that the visibility 
was greater than 50 % for Rabi frequencies Oi below sat- 
uration, while it reduced to below 10% when the Rabi 
frequency increased to 3-fold saturation. Indeed, from a 
figure similar to Figure 5, but for £1 2 ~ 1MHz, we see 
that at 3-fold saturation the population of level 3 and 
hence the amplitude of the oscillations of the intensity 
I^\p ss ) reduce by about 30 times from their value at 
the saturation point. This can explain the fii-dependcnt 
reduction of the visibility observed experimentally. 




FIG. 6. Steady state population of the excited state, 
P3(p ss ), as a function of the detuning Ai (in MHz) and 
the atom-mirror distance r for A2 = 0, fii = 1 MHz and 
0,2 = 10 MHz. 



the variations in the amplitude of the population of level 
3 as well as the discrete it change or continuous change 
in the phase of the spatial modulations. In this way one 
could further verify our description of experimental setup 
[16]. 

IV. THE MIRROR-ATOM MODEL 

Describing the setup in Figure 2 in a classical man- 
ner, one assumes that the atom is a point-like source 
with dipole characteristics. As it is classically possible 
to replace the mirror by a mirror-source at the distance 
2r, it could be assumed that the radiation properties of 
the atom can be predicted by replacing the mirror in the 
quantum setup by a mirror-atom. Indeed, both descrip- 
tions lead to the same dependence of the light intensity 
on the source-mirror distance as found for 1^ (ip) in (10). 
The mirror-atom model [4] can even be used to predict 
further aspects of experiment [16]. If the atom is initially 
prepared in the excited state |3) one has Ps(ip) = 1 and 
(14) gives the probability density for a photon emission. 
The quantum theory of dipole-interacting atoms is well 
known and a comparison with [2] reveals that (14) coin- 
cides exactly with the decay rate of two dipole-interacting 
atoms prepared in the antisymmetric Dicke state of two 
two-level atoms at a distance 2r. In addition, the level 
shift of 1 3) given in (17) equals the level shift of the an- 
tisymmetric state resulting from the dipole-dipole inter- 
action. 

Nevertheless, the mirror-atom model can no longer be 
used when the state of the atom by the time of the emis- 
sion has no simple classical analog. It is not possible to 
take into account the driving of the two atomic transi- 
tions by a laser field. Dipole-interacting atoms have a 
richer structure of internal states and hence they cannot 
give completely equivalent results with the atom-mirror 
system. 

V. CONCLUSIONS 



In Figures 6 we see the continuous phase change of 
the maxima of the population P^(p ss ) when the detuning 
Ai is varying. In particular, if we take the detunings 
much larger than the Rabi frequencies and decay rates, 
we obtain 

W»4^ A;J^r !ar < 20 » 

that gives an indication of the main terms which 
contribute to the continuous phase change of the r- 
dependent oscillations when one of the detunings is vary- 
ing. Summarising this, by scanning different Rabi fre- 
quencies and detunings it should be possible to observe 



This paper presents a full quantum mechanical study 
of the fluorescence of an atom in front of a mirror, based 
on the assumption that the mirror imposes boundary 
conditions on the electric field observable. In this way, 
the presence of the mirror affects the interaction of the 
atom with the free radiation field. This leads to a sinu- 
soidal dependence of the intensities of the emitted light 
on the atom-mirror distance r. In addition, the overall 
decay rate of the atom becomes a function of r and an 
r-dependent level shift is induced if r is of comparable 
size to the wavelength of the emitted photons - an effect 
which can be interpreted in terms of subradiance due to 
dipole-dipole interaction between the atom and its mirror 
image. 
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In the actual experiment by Eschner et al. [16], the 
25 cm distance between the atom and the mirror was 
much larger than the wavelength of the emitted photons 
and a lens was placed near the atom to enhance the ef- 
fect of the mirror. Motivated by this, a recent paper by 
Dorner and Zoller [18] took into account time-of-flight 
effects using a one-dimensional description of the free ra- 
diation field. Atom-mirror distances much larger than an 
optical wavelength were considered and delay differential 
equations were derived. Similar effects resulting from the 
presence of the mirror have been predicted, i.e. a sinu- 
soidal dependence of the spontaneous decay rate and the 
level shift of the upper atomic level on the atom-mirror 
distance. In contrast to the results presented here those 
modifications are persisting for large distances due to the 
one-dimensional character of their model making it diffi- 
cult to derive quantitative predictions comparable to the 
experimental findings. 

In this paper it was assumed that the lens projects the 
mirror surface close to the atom so that the atom-mirror 
distance effectively becomes of similar size as the relevant 
wavelength. For the simplified setup, including only the 
atom and the mirror, a full three-dimensional description 
was given. Good qualitative and quantitative agreement 
was found with respect to different aspects of the exper- 
iment. Delay-time effects were neglected assuming that 
the relevant time scale for the projection of the mirror 
to the other side of the lens is in the experiment with 
about 1.7 ns [16] sufficiently smaller than the time scale 
on which the detector performs measurements on the 
free radiation field. This time scale has been denoted 
At in Section II and is restricted from above only by the 
inverse decay rate of the relevant atomic transition [9] 
which equals 1/ri = 416 ns. 
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